We observed strong sexual selection in this population (the variance in male reproductive 50 success was ~14 times higher than that for females), but found only modest effects of sexual 51 selection on Ne, which was 75% of the census size This occurs because the substantial random 52 offspring mortality in this population diminishes the effects of sexual selection on Ne, a result 53 that necessarily applies to other high fecundity species. The inclusion of this random offspring 54 mortality creates a scaling effect that reduces the variance/mean ratios for male and female 55 reproductive success and causes them to converge. Our results demonstrate that measuring 56 reproductive success before much offspring mortality can underestimate Ne and overestimate the 57
empirically estimate the effect of sexual selection on Ne, we obtained fitness distributions for 48 males and females from an outbred, laboratory-adapted population of Drosophila melanogaster. 49 We observed strong sexual selection in this population (the variance in male reproductive 50 success was ~14 times higher than that for females), but found only modest effects of sexual 51 selection on Ne, which was 75% of the census size This occurs because the substantial random 52 offspring mortality in this population diminishes the effects of sexual selection on Ne, a result 53 that necessarily applies to other high fecundity species. The inclusion of this random offspring 54 mortality creates a scaling effect that reduces the variance/mean ratios for male and female 55 reproductive success and causes them to converge. Our results demonstrate that measuring 56 reproductive success before much offspring mortality can underestimate Ne and overestimate the 57 genetic consequences of sexual selection. Similarly, comparing genetic diversity among different 58 genomic components may fail to detect strong sexual selection. 59 60 61
INTRODUCTION 62
The effective size of a population (Ne) is a fundamental parameter in population genetics 63 that determines the rate at which genetic drift purges genetic diversity from a population. Ne is 64 defined as the size of a mathematically tractable "ideal population" (with random mating, no 65 selection, equal sex ratio, Poisson distribution of family sizes and constant population size of 66 adults) that would lose genetic variation at the same rate as a more complex, real population. 67
Nearly all deviations of a natural population from an ideal population make Ne smaller than the 68 census size (N), and the proportionate difference in Ne compared to N (Ne/N) is a useful measure 69 of how these deviations change the rate of decay in genetic diversity. 70
The Ne of a population can be determined using the variance in reproductive success 71 divided by its mean for each sex (Crow and Morton 1955) . In most systems, sexual selection 72 influences male reproductive success to a much larger degree than female reproductive success 73 (e.g. Bateman 1948 ; reviewed in Andersson 1994 ). This increases the variance in male 74
reproductive success compared to a Poisson distribution, especially by increasing the number of 75 males with zero reproductive success (Crow and Morton 1955) . Because sexual selection causes 76 the distributions of reproductive success (i.e. variance/mean ratios) for the two sexes to diverge, 77 it can consequently lower the overall Ne of a population and increase the rate at which genetic 78 diversity is lost. Accurate distributions of reproductive success for both males and females can 79 be used to assess the impact of sexual selection on the effective size of a population. 80
The estimates of reproductive success used to determine Ne are challenging to obtain 81 because they require both the number of offspring produced by each individual, and the mortality 82 of those offspring before they reach reproductive age. This is especially difficult for natural 83 populations, as the fecundity, paternity, and survival of a large sample of individuals must be 84 to follow the fate of all offspring. As we demonstrate below, offspring mortality is a critical 93 component of Ne calculations because it reduces the variance in reproductive success for both 94
sexes. This effect is more extreme for the sex experiencing stronger sexual selection (usually 95 males), causing the variance/mean ratios for the two sexes to converge. Fitness measures 96 obtained using offspring counts before much mortality has occurred can be misleading. 97
In laboratory-adapted populations, it is possible to measure all the necessary components 98 of fitness in each sex and use them to calculate Ne. We estimated the sex-specific distributions of 99 reproductive success for a large and outbred laboratory population of Drosophila melanogaster 100 (LHM) that has adapted to the same, highly competitive environment for over 400 generations. 101
We also estimated distributions of juvenile survival to verify that there are no differences in male 102 and female survival that could affect our measures of reproductive success. We then used our 103 distributions of reproductive success, in combination with random offspring culling to keep the 104 population at a constant size, to estimate Ne of the two sexes, the population as a whole, and the 105 different components of the genome. In an ideal population, variation in fitness among individuals is assumed to follow a 118
Poisson distribution, which has a variance/mean ratio of 1. In natural populations, however, the 119 variance in fitness often exceeds the mean, causing Ne to be reduced compared to N. Within each 120 sex, the value of Ne/N is determined by the variance/mean ratio for reproductive success, 121
125 124 where the subscript "sex" is "M" for males or "F" for females, the population is randomly 126 mating, and the population size is assumed to be neither increasing nor decreasing (Crow and 127 Morton 1955 smaller Ne compared to the other, this disparity reduces the overall Ne of the population (Wright 159 1931) . Once N e (M) and N e (F) are known, the effective size of the population as a whole, relative 160 to N, can be calculated as: 161 The experiments measuring reproductive success spanned 10 replicates conducted in 254 succession, and environmental variation across generations caused the average female fecundity 255 to vary. We used the raw data to obtain sex-specific distributions and mean values of 256 reproductive success, but we calculated variance using the residuals from 1-way ANOVAs of 257 reproductive success vs. replicate for each sex. This procedure allowed us to measure the 258 variation in reproductive success that would have occurred in a single generation. 259
To estimate the distribution of reproductive success after the random culling needed to 260 keep the population size constant (i.e., the fitness measures that correspond to the model of 261 mortality developed by Crow and Morton 1955), the number of offspring produced by each male 262 and female was randomly culled using a binomial random number generator with the arguments 263 N = number of offspring produced and prob(success) = 2/average number of offspring produced 264 by all males or females, respectively. 100 simulated culls were performed per individual. 265
Finally, we calculated bootstrapped 95% confidence intervals (CIs) for all variance/mean 266 ratios and Ne calculations using 10,000 bootstraps. All analyses were completed using JMP Pro 267 11. Figure 2b shows the simulated distributions of reproductive success after this random 305 offspring mortality makes the mean reproductive success of both sexes two offspring. When we 306 incorporated this mortality by applying the correction in equation (2) to the sex-specific means 307 and variances for reproductive success calculated above and shown in Figure 2a, success that includes random offspring mortality to prevent population growth (reported in 317 section (c) above) to estimate N e (M) , N e (F) and N e (A) in the LHM population (N = 1,792, NM = 896, 318 NF = 896) using equations (3) and (4) described above. These values are N e (M) = 544, N e (F) = 877, 319
and N e (A) = 1,343 respectively. Recall that N e (A) = Ne of the whole population. We then used these 320 estimates to calculate Ne for the X and Y sex chromosomes and the cytoplasmic genome using 321 equations (5), (6) and (7), respectively. Ne estimates for these genomic components are N e (X) = 322 exceeds the variance in female reproductive success can be used as an estimate of the intensity of 332 sexual selection acting in that population (Wade 1979) . For simplicity, the variance/mean ratio 333 for females in these simulations is fixed at 1. We calculated the predicted Ne/N ratios for the 334 population as a whole (and the autosomes) using equations (3) and (4) above (Figure 3a) . We 335 also calculated the predicted N e (X) /N e (A) ratios using equations (3), (4) and (5) above (Figure 3b) . 336 337 DISCUSSION 338
In this study we used an outbred, laboratory-adapted population of D. melanogaster to 339 calculate Ne using fitness distributions for males and females. We found equal numbers of 340 surviving males and females when we measured juvenile survival, indicating that our measures 341 of reproductive success will not be affected by a skewed adult sex ratio. The high similarity 342 between the distributions of juvenile survival for males and females (Figure 1) was expected,  343 because the sexes are selected in similar ways during the larval part of the lifecycle when their 344 gender roles are minimally diverged (Chippindale et al. 2001 ). Although there is heritable 345 variation for juvenile survival in this population (Chippindale et al. 2001 ), the close fit to a 346 binomial distribution indicates that much of this juvenile mortality is random. In contrast, we 347 observed substantial sexual dimorphism in the distributions of adult reproductive success (Figure  348 2a). The variance in reproductive success was far higher for males than females (13.8-fold 349 higher), consistent with the strong sexual selection that has been documented in both wild 350 (Markow 1988 ) and laboratory (Bateman 1948 results, but the oviposition stage only accounts for the final 18 hours of a 2-week lifecycle, so the 361 effects should be minimal. An additional consequence of females being held singly during the 362 oviposition phase is that their offspring encountered lower levels of competition as larvae than 363 usually occurs in this population. This could lower the variance in offspring survival, and cause 364 us to underestimate the variance in reproductive success for both sexes. A second necessary 365 change in our experiments was the use of mutant competitor flies (LHM-bw), made by 366 backcrossing the bw mutation into our wild-type LHM population. Previous work from our lab 367 has found no difference in the mean reproductive success of wild-type and mutant bw females, 368 but bw males had approximately 27% lower reproductive success when in competition with 369 wild-type LHM males ). Because our experimental males encountered slightly 370 inferior competitors, our variance for male reproductive success could be an underestimate, and 371 the strength of sexual selection operating in this population could be even stronger than we 372 report here. 373
With these potential caveats in mind, we can use our sex-specific measures of 374 reproductive success that include random offspring mortality to calculate the Ne of this 375 population. Specifically, Ne is calculated using the variance/mean ratio for males and females. 376
Sexual selection on males increases their variance/mean ratio compared to females, lowering the 377 overall Ne of a population. The strong sexual selection in this population is evident by the 378 sexually dimorphic distributions of reproductive success that do not include offspring mortality 379 (Figure 2a and Table 1 ). When we incorporated random offspring mortality into these measures 380 of reproductive success, however, the distributions converged dramatically (Figure 2b and Table  381 1). Thus, offspring mortality scaled the reproductive success of both males and females and 382 caused the apparent strong sexual selection to become far weaker, resulting in an Ne/N ratio of 383 0.75 (Table 2) . 384
Why would we expect random offspring mortality to so strongly reduce the influence of 385 sexual selection on Ne? Consider the simplest case where mortality is deterministic, such that the 386 number of offspring produced by each individual is reduced by a factor of 2/μ W ', where μ W ' is 387 the average number of offspring produced per adult before the random deaths of offspring 388 needed to keep the population stable. In general, the mean (μ) of a random variable multiplied by 389 a constant, k, is μk, and the variance (σ 2 ) is k 2 σ 2 . When k is less than one, the variance is more 390 strongly reduced compared to the mean (by a factor of k), and hence the variance/mean ratio is 391 reduced. The same logic applies when offspring numbers are randomly culled by a factor of 392 2/μ W ' (i.e. mean fitness multiplied by a constant less than 1), so random offspring mortality is 393 expected to reduce the variance/mean ratio of offspring numbers. One possible exception would 394 be if the variance/mean ratio before offspring mortality were less than 1. Although not 395 biologically likely, the addition of random offspring mortality under these conditions would 396 instead increase the variance/mean ratio due to the additional variance associated with this 397 binomial sampling. While this simple example scales the variance/mean ratio for male and 398 
